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ABSTRACT

A calculation model, based on fracture mechanics and the finite element method, is
presented. In the model the fracture zone in front of a crack is represented by a
fictitious crack that is able to transfer stress. The stress-transferring capabili-
ty of the fictitious crack decreases when the crack width increases.

Calculation results are presented which show how the results from fracture mechani-
cal tests are affected by specimen dimensions.

The shape of the complete tensile stress-strain-curve is introduced as a fracture
mechanical parameter and a new testing machine is presented by which it is possible
to carry out stable tensile tests with concrete. New test methods for determining
the fracture energy and the tensile strength are also presented.
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THE FICTITIOUS CRACK MODEL

When a notched specimen of a linear elastic material is subjected to load, the
stress in front of the notch will, theoretically, approach infinity. Of course this
is impossible for a real material. In the case of concrete, or other non-yielding
materials, a zone of microcracks will develop in front of the notch and this redu-
ces the stress-concentration. However, if the zone is small compared with the di-
mensions of the specimen and the crack depth, linear elastic fracture mechanics
may be useful, otherwise other calculation methods have to be used.

A few investigations (Entov and Yagust, 1975; Sok and Baron, 1979) have been car-
ried out in order to study strains in front of notches in large concrete specimens.
The results of these tests indicate that microcracks develop hundreds of millime-
ters in front of the notch before the maximum load is reached. This implies that
the fracture zone is never small compared with normal specimen dimensions and also
that Tinear elastic fracture mechanics cannot be used for such a material. In or-

der to carry out relevant calculations one has to consider the properties of the
fracture zone.

Vol. 4 AFR - D 1515


User
Rettangolo


1516

The discussion in this paper deals mainly with the opening mode, mode I. In this mo-
de the fracture zone develops in a tensile stress field perpendicular to the crack
and consequently it is possible to obtain a great deal of information about the
fracture zone from a stable tensile stress-strain curve, see Fig. 1.

In Fig. 1 the stress continuously increases up to the maximum load and therefore
the material must be uniformly strained on this part of the curve. The non-lineari-
ty of the increasing part of the curve is due to microcracks. When the stress
reaches its maximum value, one cross sectional area is unable to carry more load
and it is fair to assume that the development of microcracks will be concentrated
on a small material volume close to this cross sectional area when the specimen
becomes further deformed.

When a fracture zone starts developing the stress decreases and conseguently no
more fracture zones will be created. As the properties of the fracture zone are un-
affected by specimen dimensions, this means that the decreasing part of the o-e-
curve in Fig. 1 is not only related to material properties but also to the speci-
men length. A better way to describe the deformation properties of a non-yielding
material therefore is to use two relations; one relation between stress and rela-
tive strain up to the maximum stress, see Fig. 2a, and one relation between stress
and the absolute deformation of the fracture zone after the maximum stress is
reached, see Fig. 2b. These relations are unaffected by specimen dimensions and
they can therefore be dealt with as material properties.
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Fig. 2.a) A relation between stress and relative

Fig. 1. A stable stress-strain
strain (e) outside the fracture zone.

curve for concrete. o=

SEressy E=sbia . b) A relation between stress and absolute

deformation (w) of the fracture zone.

In order to describe complicated fracture processes one has to use approximative
models. In the model described here the real fracture zone (Fig. 3a) is represen-
ted by a crack that can transfer stress (Fig. 3b). The stress transferring capabi-
1ity of the crack is dependent on its widening according to the o-w-curve in Fig.
2b. This curve describes the stress transferring capability of a fracture zone in
direct tension but a reasonable assumption is that the same curve can be used for
mode I-cracks. As the stress transferring crack is not a real crack but more of a
fictitious crack the model is called the Fictitious Crack Model (FCM).

Models with stress transferring zones have been used before (Barenblatt, 1962; Dug-
dale, 1960). In the Dugdale model, which is suitable for yielding materials, the
attractive stress across the fictitious crack is always constant and equals the
yield stress. Consequently this model is a special case of FCM. In the Barenblatt
model the attractive stress is caused by cohesive forces and therefore the frac-
ture zone in this model is of another magnitude than is normal for FCM.
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FCM norma]]y cannot be treated analytically but numerical methods have to be used.
The most suitable method seems to be the Finite Element Method (FEM). lhen FEM is
used the stresses acting across the crack are replaced by nodal forces, seeFig. 3c.
Thesg forces decrease continuously according to the o-w-curve when the width of the
f1ct1t1ou§ crack increases. When the first principal stress reaches the tensile
strength in the top node, see Fig. 3c, this node is opened and forces start acting
giroi; Ege cricthat tgis p?int. In this way it is possible to follow the crack
ow roug e material. The model is discussed in d i i h
and Petersson (1976) and Modéer (1979). e
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Fig. 3. a) The fracture zone in a real material.

b) 12 FCM the fracture zone is represented by a crack that can transfer
stress.

c) FEM-representation of FCM.

Normally the o-e-curve for non-yielding materials is almost linear u i

to the maxi-
mum stress anq thergfore a goqd method of approximation is to rep]acg the curve
w1th‘one straight 1ine, see Fig. 4a. The position of this line is defined by the
tensile strength (fi) and Young's modulus (E).

To obtain the true, descending o-w-curve one has to carr i

obt the 5 y out stable tensile tests.
This is d1ff1cu1t for concrete and similar materials, the reason will be discussed
below. This means that.one'norma11y has to assume a shape of the o-w-curve. For
concrete a good approximation seems to be one straight line, see line 1 in Fig. 4b.
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Fig. 4. a) A strqight—line approximation of the o-e-curve for non-yielding
materials.

b) Straight-Tline approximations of the o-w-curve for plai
: n
and fibre-reinforced concrete (2). A et
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The position of the Tine is defined by the tensile strength and the area under the
curve. This area represents the amount of energy necessary to create one unit of
area of a crack and consequently it equals the fracture energy (Gc). For fibre-
reinforced concrete an approximation according to Dugdale, see line 2 in Fig. 4b
is often better.

A material parameter used in this paper is the characteristic length (Tcp)s which
is defined by: .

2
SR EE = A B RN e e il Sl e i L (1)
1gh can be considered as a measure of the "brittleness” of the material; the lower
the

value of 1 is, the more "brittle" the material is. A normal value of 1ch for
concrete is about 200 mm.

CALCULATION RESULTS

Critical Stress Intensity Factor (K.)

When determining the critical stress intensity factor (Kc) it is convenient to use
linear elastic relations to calculate Ko from the fracture load at a bend test on
a notched beam. As concrete is not a linear elastic material this Kc-value, here
denoted as K., is approximative. By using FCM it is possible to calculate the dif-
ference between K! and the real K. (K.= \G.E) and in Fig. 5 the ratio of Ke/Ke s
shown as a function of beam depth (d).
The ratio of G./Gc is also shown in

the Fig. (G¢= (KL)2/E). The real va- 10
lue of G corresponds to the area un-
der the o-w-curve. The curves in Fig.

5 are relevant for a three-point bend
test on a notched beam with a notch
depth/beam depth ratio of 0.5. The 051}
o-w-curve is approximated to one
straight Tine.

A normal value of Tcp for concrete

is 200 mm. Normally specimens with

beam depths between 50 and 300 mm 0
have been used when determining K'. o1 03 { 3
These values correspond to d/1 B

values between 0.25 and 1.5 and con- Fig. 5. K¢/K. and Ge/G. as functions of d/1¢p
sequently K. then becomes only 35- for a three-point bend test on a

65% of the real K. and Ge only 15- notched beam.

40% of the real Gc. In order to ob-

tain relevant results one has to use specimens with beam depths greater than 10x
Tchs 1.e. for concrete about 2 m. The results presented in Fig. 5 are confirmed
by test results (Entov and Yagust, 1975; Petersson, 1980b; Sok and Baron, 1979).

10 dllen

Flexural Tensile Strength (fg)

The failure of non-yielding materials is always caused by cracks. This means that
fracture mechanics must often also be used for analysing unnotched specimens.

One frequently used test carried out on unnotched specimens is the determination

of the flexural tensile strength (ff) in a three-point bend test. Results from ma-
ny investigations indicate that ff is strongly affected by specimen depth, but no
one has been able to produce a satisfying explanation for this. By FCM it is pos-
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sible to analyse the bend test and

in Fig. 6 it is shown how the ratio iy
fe/ft (fy = tensile strength), theo-
retically, depends on beam depth. In
the calculations the o-w-curve is 2
approximated to one straight line.
The upper curve in the Fig. repre-
sents beams subjected to no shrin-
kage stresses, i.e. wet specimens, 1L N
while the lower curve represents B
beams with a certain degree of shrin- Y
kage stresses. In the Fig. test re- P
sults are also presented and the ag- , ; R

reement between the calculated curves o1 0.3 1 3 16d/kh
and the test results is good, in spi-
te of the simplified assumptions.

o wet i}

——— v dried

Fig. 6. f¢/fy as a function of d/]ch.
METHODS FOR DETERMINATION OF FRACTURE MECHANICAL PROPERTIES

Introduction

In order to carry out relevant fracture mechanical calculations one has to consi-
der the effect that the fracture zone has on the crack propagation. The propertie
of the fracture zone of a mode I-crack are strongly affected by the o-e- and o-w-
curves, see Fig. 2. These curves can only be determined if one knows the complete
stress-strain-curve, i.e. including the descending part after tha maximum stress

is reached. A new testing machine, by which it is possible to carry out stable tepr-
sile tests on concrete, is presented below.

However, it is often sufficient to know approximative o-e- and o-w-curves, see Fi.
4. Such curves can be constructed if one knows the three material properties
Young's modulus (E), fracture energy (6¢) and tensile strength (fy). Test methods
for the evaluation of G. and ft are presented below. E can be determined by stan-
dard test methods and tﬁese will not be discussed in this paper.

Fracture Energy (G.)

Almost all values of G. available in literature are determined indirectly from the
fracture load at bend %ests on notched beams. This method is unsuitable as the re-
sults are strongly affected by the specimen dimensions, see Fig. 5. A better way

Fig. 7. a) A three-point bend test on a notched beam for G.-determination.
b) A stable F-é-curve obtained from a test according to Fig. 7a.
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of determining G. is to use a direct method. From a three-point bend test on a
notched beam, see Fig. 7a, it is possible to obtain a stable Toad-deflection-curve
(F-6-curve), see Fig. 7b, if one uses a beam with suitable dimensions and a stiff
testing machine. The area under the curve represents the amount of energy that is
consumed by the crack when it grows through the beam (corrections have to be made
for the energy supnlied by the weight of the beam). As the cross-sectional area of
the beam is known it is possible to calculate G.. This direct method of determi-
ning G. does not seem to be affected by the specimen dimensions or the crack depth
(Petersson , 1980a).

Gc—values determined by this direct method are presented by Petersson (1980b) for
different concrete qualities. The parameters that most significantly affect the va-
Tues of G. seem to be the water-cement-ratio, the quality of aggregate and the age
of the concrete.

Tensile Strength (ft).

It is comnlicated to determine the tensile strength
by direct tensile tests on prismatic concrete speci-
mens. When the specimen is adapted to the testing ma-
chine by ordinary grips, these give rise to stress
concentrations and multi-axial stresses and the de-
termined strength becomes less than the real tensile
strength. Also when the specimen is glued into the
testing machine, complicated stress fields occur at
the ends of the specimen due to shear deformations

in the glue (Hughes and Chapman, 1965) and this re-
duces the fracture load. In order to avoid direct
tensile tests it is therefore normal to carry out in-
direct tests, for example bend tests or splitting
tests. However, these tests are strongly affected by
specimen dimensions, see Fig. 6, and are therefore
unsuitable.

Rubber

In Fig. 8 a new type of grip is presented by which
it is possible to determine the tensile strength by )
direct tests on prismatic specimens. The grips con- i
sist of steel plates on which wedge-shaped rubber in- ’
serts are glued. It is essential that the inserts are
orientated according to the Fig. Each part of the
grip is pressed against the specimen at two points;
one force near the end of the specimen and one smal-
ler force close to the free part of the specimen.
This means that the stress perpendicular to the spe-
cimen becomes small at the critical cross section
(i.e. at point A in the Fig,) and here the stress
field will be almost one-dimensional.

Due to the variable stiffness of the wedge-shaped rub- S

ber inserts the main part of the load is applied close

to the ends of the specimen and consequently the

stress grows smoothly to its maximum value which is Fig. 8. Grips for tensile
shown in the Fig. This implies that the stress-con- tests. The wedge-
centrations at point A will be reduced to a minimum. shaped rubber in-
serts reduce the
stress concentra-
tion to a mimimum.

Results from tensile tests carried out by the grips
in Fig. 8 are presented by Petersson (1980b).
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The Complete Stress-Strain-Curve of Concrete

When the maximum load is reached in a tensile test, a fracture zone develops through
the spgcimen. The fracture zone consumes energy when the specimen is further defor-
med while energy is released due to elastic unloading of the material outside the
fracture zone and of the testing machine. The fracture becomes stable if the frac-
ture zone, at each moment of the test, is able to consume all the energy that is
released. In order to obtain a stable fracture it is necessary to reduce the ener-
gy rglease by using small specimens and stiff testing machines. Normally available
testing machines are too weak for determining the complete stress-strain-curve for
concrete and this is probably the reason why only a few results are presented in
literature (Evans and Marathe, 1968; Heilman, Hilsdorf and Finsterwalder, 1969;
Hughes and Chapman, 1966).

In Fig. 9 a new type of testing machine
is shown by which it is possible to car- | [
ry out stable tensile tests. Three alumi-
nium columns are fixed between two con-
crete blocks and cylindrical heating ele-
ments are attached to the columns. The
specimen is fixed in special holders
between the concrete blocks. The alumi-
nium columns expand when they are heated
and then the specimen becomes subjected
to a tensile load. The load is registered
by strain gauges which are attached to g

one of the holders and the deformation is b 9] H el
registered by inductive deformation trans- ”//’/A: Tl ==
ducers which are fixed to the specimen. — 1 & —/’/‘::~4:3
The aluminium columns are insulated with il q I
?1nera1 wool in order to keep the tempera- <,,//”’{:)\>§q } i:) | —
ure i 3 H
.around the specimen constant. "’//’/1 ’,,,///_{:>

In Fig. 10 and Fig. 11 examples of the de | 0, [E=
complete stress-deformation-curves are L7 [y
shown for some concrete qualities. When lpnate—p
measuring the deformations a 40 mm effec- 1 P Cil
tive gauge length was used. Eachcurve rep- =

resents a mean value of three specimens.
The aggregate is crushed quartzite and the

ratio cement paste/aggregate (by volume)

is 0.5. The age of the concrete was 28 : (:)
days when the tests were carried out.

In Fig. 10 curves representing two diffe-

rent water-cement-ratios are compared. The 01m
curves differ in the beginning but when
the deformation exceeds 50 um they become - -

almost identical. As can be seen from the
Fig. the material is able to carry load
even when it is considerably deformed and Fig. 9. A stiff testing machine for
cqnsequent1y.concretg is far from being a determining the tensile stress-
linear elastic material. strain-curve. 1=concrete block,
2=aluminium column, 3=heating
element, 4=strain gauges for
load registrations, 5=inducti-
ve displacement transducer for
displacement registrations,
6=specimen.

The curves in Fig. 11 represent mortar and
concrete (max. particle size = 2 mm and

8 mm respectively). The water-cement-ratio
for both the materials is 0.7. The main
difference between the curves is that con-
crete seems to be able to transfer stress
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Fig. 10. Stress-deformation-curves for Fig. 11. Typical stress-deformation
different values of the water- curves for concrete and mor-
cement-ratio. tar respectively.

at higher deformations than mortar. This indicates that the stress-transferring ca-
pability at high deformations is due to friction forces when the coarse aggregate
particles are extracted from the cement paste.
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